1.. Introduction
================

Microencapsulation of living cells in spherical hydrogel beads or capsules has been intensely studied for more than three decades. There are many clinical trials going on. Despite enormous accumulation of knowledge documented in abundant original papers, reviews and monographs, which confirm the continuous progress in the field, cell microencapsulation has not yet been translated into any established therapy. While allotransplantation of cells can be performed in combination with immunosuppression, there is consensus that cell xenotransplantation will need immunoprotection of the cells by suitable semi-permeable materials produced by standardized technologies. Both materials and technology have to be well adapted to each specific cell type. Currently, relying on existing knowledge together with research and development on the one hand and focus on the improvement of existing approaches on the other hand, researchers are looking for novel strategies.

Hydrogels composed of either covalently or electrostatically crosslinked biocompatible macromolecules mimic, to a certain extent, the natural environment of cells. The high water content renders hydrogels attractive for cell encapsulation/immobilization intended for subsequent transplantation \[[@b1-materials-07-00275]--[@b3-materials-07-00275]\].

Alginate-based hydrogels are the most frequently reported materials for cell microencapsulation. Although other natural and synthetic polymers are under investigation, hardly any others have attracted the same attention as the calcium alginate (Ca-alg) or the alginate-poly(L-lysine)-alginate (APA) microcapsule \[[@b4-materials-07-00275]\]. Despite some known physical limitations, there is no doubt about the advantageous properties of Na-alg and its biological acceptance upon ionotropic gelation with divalent cations. The latter was recently confirmed using a human whole blood model to evaluate the inflammatory properties of several microbeads and microcapsules \[[@b5-materials-07-00275],[@b6-materials-07-00275]\]. As evident from recent publications, on the one hand research continues with simple calcium and barium alginate microbeads \[[@b7-materials-07-00275]--[@b13-materials-07-00275]\], while on the other hand poly(L-lysine) has been replaced by poly(L-ornithine) \[[@b14-materials-07-00275]\] or chitosan \[[@b15-materials-07-00275]--[@b18-materials-07-00275]\], or alginate has been combined with other compounds such as carrageenan \[[@b19-materials-07-00275]\] or synthetic methacrylate-based polymers \[[@b20-materials-07-00275]--[@b22-materials-07-00275]\]. However, using Na-alg in combination with polycations, the chance of success in terms of biocompatibility is uncertain \[[@b23-materials-07-00275]\]. Alternatively to Na-alg, agarose \[[@b24-materials-07-00275]\], sodium cellulose sulfate \[[@b25-materials-07-00275]\] or poly(ethylene glycol) (PEG) and derivatives of these have been used \[[@b26-materials-07-00275],[@b27-materials-07-00275]\]. Further, the modification of the alginate backbone with biomolecules \[[@b28-materials-07-00275]\] as well as alginate-PEG microspheres obtained by crosslinking via Staudinger ligation have been addressed \[[@b29-materials-07-00275]\].

Taking into account the advantages of both alginate- and PEG-based hydrogels, we have proposed a novel type of hydrogel microsphere. The combination in a one-step process of the electrostatic interaction of calcium ions with Na-alg and the chemical crosslinking reaction of vinyl sulfone-terminated multi-arm PEG (PEG-VS) yielded alginate-PEG hybrid hydrogel microspheres (alg-PEG-M) with well-controllable physical properties \[[@b30-materials-07-00275]\]. The physical properties of the alg-PEG-M, which are tunable in a wide range of interesting biomedical applications \[[@b31-materials-07-00275]\], have motivated us to study the microsphere formation in biologically relevant media and to investigate the feasibility of cell microencapsulation in alg-PEG-M.

This paper reports and discusses cell microencapsulation of primary human foreskin fibroblasts (EDX cells) as a model. The study was designed to answer primarily the following questions: Is the microsphere formation influenced when it is performed in cell culture medium? How does the PEG concentration influence the stability and durability of alg-PEG-M? Is cell microencapsulation feasible in this novel two-component hydrogel prepared in one step without any further coating or reinforcement? Do primary cells maintain their viability for a longer period upon microencapsulation in alg-PEG-M? This is the first study to address these questions for alg-PEG-M.

2.. Results and Discussion
==========================

2.1.. Formation of Alg-PEG-M in Cell Culture Medium
---------------------------------------------------

Alg-PEG-M were prepared in one step by extruding the polymer solution containing PEG-8-20 (Scheme 1) and Na-alg into the gelation bath containing CaCl~2~ and the crosslinker. Physiological conditions were applied as described in detail in paragraph 3.4 (DMEM, pH = 7.4, *T* = 37 °C, osmolality ≈ 300 mOsm/kg). The microsphere diameter could be tuned by varying process conditions such as airflow, extrusion rate, and the syringe needle diameter. As a typical example, using an inner needle diameter of 400 μm, microspheres with an average diameter of 550 μm and less than 5% relative standard deviation of the diameter were obtained ([Figure 1](#f1-materials-07-00275){ref-type="fig"}).

The efficiency of PEG crosslinking for the here used protocol was confirmed after liquefaction of the Ca-alg hydrogel by sodium citrate, yielding stable PEG hydrogel beads above a PEG-VS concentration of 5% (*w*/*v*). [Figure 2](#f2-materials-07-00275){ref-type="fig"} shows stable microspheres for pure Ca-alginate beads and PEG-containing microspheres before liquefaction. Complete dissolution was observed for 1.25% (*w*/*v*) PEG-VS upon liquefaction. [Figure 2](#f2-materials-07-00275){ref-type="fig"} further shows that the microsphere diameter increases with increasing PEG-VS concentration when using the same encapsulation settings for all batches. Consequently, for a targeted microsphere size, the airflow and extrusion rate have to be adapted to the viscosity of the polymer solution. For all experiments and tests performed in this study, liquefaction was omitted in order to keep the microsphere production process simple. However, liquefaction remains an option for further adaptation to specific cell microencapsulation applications.

The mechanical resistance to compression clearly depends on the PEG-VS concentration, as shown in [Figure 3](#f3-materials-07-00275){ref-type="fig"}. [Figure 3A](#f3-materials-07-00275){ref-type="fig"} presents the resistance to coaxial compression up to 90% of the diameter of the microspheres, prepared with different PEG-VS concentrations. Considering the different size of the spheres in the four batches, [Figure 3B](#f3-materials-07-00275){ref-type="fig"} shows the volume corrected data to obtain a better comparison.

2.2.. Microencapsulation of Human Foreskin Fibroblasts
------------------------------------------------------

EDX cells were successfully microencapsulated within alg-PEG-M prepared from PEG-8-20 at 10% (*w*/*v*) in DMEM containing 1.5% (*w*/*v*) Na-alg. As shown in [Figure 4](#f4-materials-07-00275){ref-type="fig"}, good sphericity was achieved for alg-PEG-M containing cells. The optical inspection of the gelation bath did not identify any free EDX cells. Thus, there was no out-diffusion of the cells from the polymer solution drops during the gelation process. This observation confirms that the total amount of EDX cells was embedded within alg-PEG-M. Moreover, the cells were almost homogenously distributed within the microsphere, and no empty microspheres were observed microscopically. [Figure 4](#f4-materials-07-00275){ref-type="fig"} shows a slight tendency of radial cell orientation, but no protruding cells were identified during the study.

2.3.. Viability and Proliferation of Human Foreskin Fibroblasts
---------------------------------------------------------------

The utilization of Dulbecco's Modified Eagle Medium (DMEM) as medium for cell microencapsulation was proven efficient in terms of providing a cell-friendly environment during the hydrogel formation. The cell viability, assessed qualitatively by staining with fluorescein diacetate and propidium iodide, revealed good survival immediately after the microencapsulation process. Viability of free EDX cells was 80.7% ± 3.3% (mean ± SD) following trypsinization, but 51.9% ± 1.2% immediately after microencapsulation (*p* = 0.0002). However, microencapsulated EDX cells returned progressively to normal viability levels (*i.e.*, 82.7% ± 7.1% at day 20) when cultured in standard medium (IMDM supplemented with 10% fetal calf serum), *i.e.*, similar values as observed for free EDX cells (*p* = 0.6575) ([Figure 5](#f5-materials-07-00275){ref-type="fig"}).

The proliferation rate, after 24 h incubation with the thymidine analog EdU, was similar for free EDX cells (6.2% ± 2.2%) and microencapsulated EDX cells (7.3% ± 4.4%, *p* = 0.6724) ([Figure 6](#f6-materials-07-00275){ref-type="fig"}).

Human foreskin fibroblasts are primary cells of the mesenchymal lineage. They have been investigated in the field of regenerative medicine. Clinically, they have been used for the treatment of burns \[[@b32-materials-07-00275]\] and chronic venous ulcers \[[@b33-materials-07-00275],[@b34-materials-07-00275]\]. *In vitro* experiments have shown that human foreskin fibroblasts have the potential to inhibit allogeneic mixed lymphocyte reactions and T-lymphocyte proliferation after mitogenic stimulation *in vitro* \[[@b35-materials-07-00275]\]. Human foreskin fibroblast cells are also often used as standard or control cells.

Using human foreskin fibroblasts allowed the demonstration that human primary cells tolerate the microencapsulation process with alg-PEG-M as hydrogel. The viability was slightly reduced immediately after the microencapsulation procedure, but returned to normal values within a few days. EDX cells recovered their normal "spindle-shaped" morphology after day 2, and kept their ability to proliferate within the microsphere at a normal rate when compared to non-encapsulated cells. The initially reduced viability upon microencapsulation can be attributed to mechanical stress applied to the cells during the extrusion through the needle. Optimized nozzle geometry could overcome this effect.

Relying on basic studies related to the range of adaptability of the permeability and mechanical properties of the alg-PEG-M two-component hydrogel, the preparation with PEG-8-20 at 10% (*w*/*v*) was selected. As previously demonstrated, using the lower molar mass PEG-8-10 yields denser polymer networks, while the opposite effect was observed for the higher molar mass PEG-8-40 \[[@b31-materials-07-00275]\]. Less permeable hydrogels are also obtainable by increasing the PEG concentration to values up to 20% (*w*/*v*). However, there was a tendency that too compact hydrogels lead to inhomogeneous microsphere structures with a more compact core surrounded by a more permeable layer. The selection of 8-arm PEG of the middle molar mass of 20 kg/mol and preparation at 10% (*w*/*v*) in 1.5% (*w*/*v*) Na-alg was confirmed as a suitable protocol for the microencapsulation of EDX cells. Inhomogeneity or phase separation were not observed, neither immediately after the preparation nor during storage in cell culture medium with serum supplements. Moreover, the microsphere size remained constant upon changing the culture medium during the experiment.

We conclude that this study is an encouraging step towards transplantation of allo- and xeno-geneic microencapsulated cells in order to treat congenital or acquired hormone/enzyme deficiencies as well as degenerative/inflammatory diseases.

3.. Experimental Section
========================

3.1.. Reagents
--------------

Na-alg (PRONOVA UP LVM) was obtained from FMC BioPolymer (Novamatrix, Drammen, Norway, batch no FP-506-01). 8-arm PEG, molar mass 20 kg/mol, was purchased from JenKem (JenKem Technology USA Inc, Allen, TX, USA). This PEG consists of a poly(glycerol) backbone with multiple PEG arms attached through an ether bond (PEG-OH) (Scheme 1). Dulbecco's Modified Eagle Medium (DMEM, special formulation without NaCl and KCl) was purchased from Cell Culture Technologies LLC (Gravessano, Switzerland). Divinylsulfone, DL-dithiothreitol (DTT), calcium chloride dihydrate, and sodium chloride were obtained from Sigma (Sigma-Aldrich, Buchs, Switzerland). All chemicals were of analytical grade and were used as supplied, unless otherwise indicated.

3.2.. Analytical Methods and Instrumentation
--------------------------------------------

Microphotographs were taken with an Olympus AX70 microscope connected to an Olympus DP70 color digital camera. The image analysis was performed using Olympus DP Manager software (Olympus, UK). The osmolality of the solutions was measured using a Micro-sample Osmometer (Fiske^®^, 210, Noorwood, MA, USA). Mechanical resistance measurements were performed at room temperature using a Texture Analyzer TA.XT.Plus (Stable Micro System LDT, Godalming, Surrey, UK) equipped with Texture Exponent 32 software (Stable Micro System LDT) for data analysis.

3.3.. Functionalization of Poly(ethylene glycol) with Vinyl Sulfone End Groups
------------------------------------------------------------------------------

The vinyl sulfone-terminated derivative of PEG-OH (Scheme I) was synthesized as described previously \[[@b30-materials-07-00275]\]. The functionalized 8-arm PEG having the molar mass of 20 kg/mol is designated as PEG-8-20.

3.4.. Formation of Microspheres
-------------------------------

All components necessary for the preparation of microspheres were dissolved in a special DMEM preparation, which contained neither NaCl nor KCl in order to avoid too high osmolality upon dissolution of the polymers and salts. After dissolution of the reagents at their desired concentration, the osmolality was adjusted to that of basic DMEM without supplements (≈300 mOsm/kg) by adding NaCl. The gelation bath was prepared by dissolving CaCl~2~ and DTT, in DMEM and adjusting the osmolality to 300 mOs/kg (80 ± 5 mM CaCl~2~). The microspheres were prepared under sterile conditions employing a coaxial airflow droplet generator \[[@b36-materials-07-00275]\].

As a typical example, 1.1 g of PEG-8-20 was dissolved in 10 mL of 1.65% (*w*/*v*) Na-alg aqueous stock solution yielding a solution, which had the final concentrations of 1.5% (*w*/*v*) Na-alg and 10% (*w*/*v*) PEG-VS. The solution was then sterile filtered (0.2 μm), and 10 mL was extruded into 100 mL of the gelation bath containing 85 mM Ca^2+^ and 85 mg DTT. The receiving bath was incubated in a shaker (80 rpm) at 37 °C for up to 3 h to achieve optimal crosslinking \[[@b30-materials-07-00275]\]. Alg-PEG-M were collected by filtration.

For cell microencapsulation, the cells were added to the polymer solution before the extrusion into the gelation bath. After gelation and separation, the cell-containing microspheres were stored in the cell culture medium.

3.5.. Mechanical Testing
------------------------

Single microspheres were placed below the Texture Analyzer probe, which traveled toward the lower plane with a constant speed set at 0.5 mm/s. During probe displacement, the resistance of the sample to the compression was recorded up to a compression of 98% of the initial microsphere diameter. Thirty spheres of each batch were individually analyzed. The average mechanical resistance was then expressed as the mean ± standard deviation (SD).

3.6.. Microencapsulation of Primary Human Foreskin Fibroblasts
--------------------------------------------------------------

Primary human foreskin fibroblasts (in this study designated as EDX cells, a gift from DFB Bioscience) were detached using 0.25% trypsin-EDTA (Sigma-Aldrich, Buchs, Switzerland) for about 30 s and washed twice. The EDX cell suspension was centrifuged at room temperature (1200 rpm, 5 min) and the supernatant withdrawn. The pellet was resuspended in Na-alg/PEG-8-20 solution (1.5% (*w*/*v*) Na-alg + 10% (*w*/*v*) PEG-8-20 in DMEM) to a final concentration of 500,000 cells/mL. The mixture was gently homogenized using a pipette and subsequently extruded into the sterile receiving bath, as described in Section 3.4. After filtration and washing, free and microencapsulated EDX cells were cultured in Iscove's modified Dulbecco's Medium (IMDM) (Cambrex, Verviers, Belgium) supplemented with 10% fetal calf serum (Gibco-Invitrogen, Basel, Switzerland), 100 IU/mL penicillin, and 100 mg/mL streptomycin (Gibco-Invitrogen). The medium was changed every three days.

3.7.. Viability and Proliferation Assays
----------------------------------------

Fluorescein diacetate (FDA) living cell staining and propidium iodide (PI) dead cell staining (both from Sigma) were used to assess EDX cell viability. A mixture with FDA or PI was incubated for 2 min prior to evaluation. Cell viability was assessed immediately after microencapsulation (day 0) and at days 5, 10, 15, and 20. 5000 free and 1000 microencapsulated EDX cells were analyzed. The ratio between FDA-positive and PI-positive EDX cells was calculated using offline MetaMorph imaging software for microscopy (Universal Imaging, West Chester, PA, USA). To analyze proliferation, 5-ethynyl-2'-deoxyuridine (EdU), a nucleoside analog of thymidine that is incorporated into DNA during active DNA synthesis, was added to the culture medium immediately after microencapsulation. After 24 h, free or encapsulated EDX cells were fixed with 4% paraformaldehyde for 15 min and permeabilized using 0.5% Triton X-100 for 5 min. Proliferating cells were detected using the histochemical assay kit as described by the manufacturer (Click-iT^®^ EdU Cell Proliferation Assays, Invitrogen Corp., Carlsbad, CA, USA). Hoechst 33342 (Sigma) was used to stain all EDX cell nuclei. A total of 4000 free and 1000 microencapsulated EDX cells were analyzed. Proliferation was expressed as percentage of proliferating cells (EdU-positive) with respect to the total number of cells (Hoechst-positive), using offline MetaMorph imaging software.

3.8.. Statistical Analysis
--------------------------

The results were expressed as the mean ± standard deviation. Unpaired Student's *t*-test was used to compare the mean values. A two-sided p value \<0.05 was considered significant. Computations were performed using GraphPad Prism, version 4.0 (GraphPad Software, Inc., La Jolla, CA, USA).

4.. Conclusions
===============

The development of novel materials and microencapsulation procedures contributes to accelerating the clinical implementation of cell microencapsulation. Moreover, from recent studies it can be concluded that the presence of polycations in the microspheres as well as multi-step encapsulation processes have disadvantages. Considering these aspects, novel hydrogel microspheres free of polycations and produced in one step in cell culture media have been developed and tested in the present study.

Alg-PEG-M microspheres were prepared by a process, which takes place in cell culture medium. Such a medium was used for both polymer solvent and solution with physiological osmolality to promote cell survival and integrity. The use of cell culture media neither negatively affected the preparation nor the physical properties of this type of hybrid microsphere. In addition, there are no positive charges present in the hydrogel, which could induce and promote protein and cell attachment.

Microencapsulation of primary cells, herein human foreskin fibroblasts, resulted in promising data regarding cell survival and function. The cell viability immediately after the microencapsulation procedure was slightly lower than for free cells. There was a similar proliferation rate observed for cells inside the microspheres and for free cells.

This first set of experiments confirmed the feasibility and physiological compatibility of cell microencapsulation within alg-PEG-M. This study is considered fundamental for future adaptation of alg-PEG-M to specific cell microencapsulation applications.
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![Alginate-poly(ethylene glycol) hybrid microspheres (alg-PEG-M) with an average diameter of 550 μm ± 5% SD. Scale bar: 400 μm.](materials-07-00275f1){#f1-materials-07-00275}

![Microsphere preparations with different concentrations of vinyl sulfone-terminated multi-arm poly(ethylene glycol) (PEG-VS) in 1.5% (w/v) sodium alginate (Na-alg) PEG-VS concentrations: (A) 0% (w/v); (B) 1.25% (w/v); (C) 5% (w/v) and (D) 10% (w/v). Upper row before liquefaction; lower row same batches after liquefaction with 200 mM Na-citrate for 3 days. Scale bars: 500 μm.](materials-07-00275f2){#f2-materials-07-00275}

![Mechanical resistance to compression up to 90% of the microsphere diameter of individual alg-PEG-M prepared with 0%--10% (*w*/*v*) PEG-VS (*n* = 30 ± SD).](materials-07-00275f3){#f3-materials-07-00275}

![Microphotographs of non-encapsulated (left panel) and microencapsulated primary human foreskin fibroblasts (EDX cells) (right panel), visualization of representative examples at different time points (in days) up to 20 days after microencapsulation. Top, light microscopy; bottom, viability staining of the same objects with fluorescein diacetate (green: living cells) and propidium iodide (red: dead cells). The average diameter of the microspheres was 550 μm. Scale bars: 100 μm.](materials-07-00275f4){#f4-materials-07-00275}

![Viability of microencapsulated EDX cells at various time points (days) up to 20 days after microencapsulation.](materials-07-00275f5){#f5-materials-07-00275}

![Proliferation of EDX cells 24 h after microencapsulation in alg-PEG-M. From left to right: green (EdU) shows proliferating cells; blue (Hoechst) shows all cells; Merge shows the overlay of EDU and Hoechst. Scale bars: 100 μm.](materials-07-00275f6){#f6-materials-07-00275}

![Chemical structures of 8-arm poly(ethylene glycol) (8-arm PEG-OH) and vinyl sulfone-terminated 8-arm PEG (PEG-8-20) obtained after modification of PEG-OH with a molar mass of 20 kg/mol.](materials-07-00275f7){#f7-materials-07-00275}
